We theoretically study the electron transport properties of DNA nucleotides placed in the gap between two single-wall carbon nanotubes capped or terminated with H or N. We show that in the case of C-cap and H-termination the current at low electric bias is dominated by nonresonant tunneling, similarly to the cases of gold electrodes. In nitrogen-terminated nanotube electrodes, the nature of current is primarily quasiresonant tunneling and is increased by several orders of magnitude. We discuss the consequence of our result on the possibility of recognition at the level of single molecule.
by nonresonant tunneling, which is highly dependent on the difficult-to-control relative geometry between the molecule and electrodes, while it is weakly dependent on the electronic structure of the molecule. In addition, this geometry is influenced by aqueous and electrolytic environment, thermal phenomena, and the effects of the applied transverse as well as longitudinal ͑translocating͒ electric fields. With a low transverse voltage bias and picoampere and subpicoampere tunneling currents the main difficulty remains in the poor signal-to-noise ratio, weakening the predictive power of distinguishing various nucleotides, or detecting their presence. 1, 2 These uncertainties are the essence of the recent controversy in the literature. 5, 6 Higher bias is unacceptable in an actual device realization: besides other possible destructive and nonlinear effects, electric forces at the negatively charged backbone of the DNA move the molecule toward the anode, disabling the translocation. In this letter, we propose a new two-terminal setup for molecular conductance measurements, based on the use of specially prepared carbon nanotube ͑CNT͒ electrodes, Fig. 1 . This approach enables a large, quasiresonant enhancement of the current at low bias, with the possibility of removing drawbacks of previous setups. Up to now, conductance measurements have been typically performed using standard metallic probes, such as gold. 7 Unfortunately when DNA segments are sandwiched between this type of usually large cross-section electrodes, the structural deformations at the interface between electrodes and the base pairs can cause unacceptable variations in the measured current. 8, 9 The interface sensitivity in quantum transport is not only limited to measuring the current across DNA, it is a universal effect that makes measurement in single molecule particularly difficult. For that reason, there is currently a strong interest in the development of experimental apparatus that will alleviate the difficulty of controlling the coupling between the eleca͒ Author to whom correspondence should be addressed. Electronic mail: meunierv@ornl.gov.
FIG. 1. ͑Color͒
Configurations of the CNT leads and molecules for the calculation of electronic transmission. ͓͑a͒ and ͑b͔͒ Empty nanogap between carbon-capped and H-terminated CNTs. ͓͑c͒-͑f͔͒ Detailed structure of nanogap created between N-terminated CNT with nucleotides shown explicitly for adenine, cytosine, guanine, and thymine, respectively. In each case, the DNA bases include a sugar-phosphate group as explained in Ref. 1 . The distance between the CNT tips was kept at 1.5 nm. In this figure, all lead layers of the extended molecule used in the calculation are shown. Nitrogen, carbon, hydrogen, oxygen, and phosphorus atoms are shown in yellow, blue, white, red, and gold, respectively.
trodes and the molecules. One attractive idea is to develop a system where the coupling between the molecule and the electrodes is better localized, in such a way as to ensure higher reproducibility of measured current-voltage curves. For instance, advanced two-probe electric systems have been devised to measure geometrical and electronic properties of DNA and DNA derivatives. 10 In this device, the tip is replaced by a carbon nanotube in order to probe nanometerscale samples, since the probe must have a radius of curvature smaller than the size of the samples. Carbon nanotubes have been under the spotlight since their discovery in 1990 by Iijima, 11 sparking intense research in various fields of materials sciences. 12 It has been repeatedly shown that CNTbased nanotips are powerful tools to manipulate biological molecules and to help decipher the relationship between structure and function, in part owing to their high aspect ratio that allows for imaging with higher spatial resolution. 13, 14 The appeal for carbon nanotubes does not only stem from their unique morphology but also because their ends can be conveniently functionalized in order to improve desired properties, such as increased coupling or decreased work function for field emission purposes. [15] [16] [17] A similar idea was recently developed where a CNT was used as an electrode for dielectrophoretic trapping of DNA molecules, in order to make it possible to apply relatively low trapping voltages while still achieving high enough field gradient for trapping purposes. 18 Another report shows that single DNA chains can be chemically grafted onto aligned CNT electrodes, thereby paving the way toward the development of DNA-CNT sensors of high sensitivity and selectivity. 19 Previous experimental achievements similar to those cited above most exclusively involve covalent bonding between the CNT tip and the DNA strand. Here, we are interested in the lateral conductivity of DNA single nucleotides sandwiched between, but not covalently attached to, CNT electrodes. The reason is that the conductivity measurement is expected to be used as a sequencing method where the DNA strand can easily be threaded inside the nanogap created between the nanotube electrodes. At first glance, the geometry studied here is quite appealing: given the size of the nanotube cross section, a satisfactory resolution along the strand could be achieved. Unfortunately, since we seek noncovalent bonding to allow threading, the resulting current is probably too low to be practical. As shown below, this is indeed an insurmountable drawback for conventional ͓i.e., capped or hydrogensaturated edges, Figs. 1͑a͒ and 1͑b͔͒ nanotubes.
It has been established that CNT ends can be modified chemically. 20, 21 End doping can be done during growth as long as the dopant has a surfactant behavior. In that respect a nitrogen atom is a very attractive dopant. First, it was demonstrated theoretically and confirmed experimentally that nitrogen behaves as a surfactant during CNT growth, i.e., it covalently attaches to the CNT outer rim, and does not get buried inside the nanotube lattice, under growth conditions. 22 Armchair CNTs terminated with nitrogen atoms have been shown to be stable, at least when the N occupies two coordinated positions. 22 In that case the presence of nitrogen does not disrupt the sp 2 bonding of the tube. In addition, the edge saturation with N maximizes the number of double N v N bonds. Second, the presence of nitrogen atoms at the end cap leads to a shift in the energy level of localized states at the tip toward the Fermi level and to an overall increase of the density of states around the Fermi level. 23, 24 For those reasons, we have considered N-doped ͑5,5͒ nanotubes as potentially improved electrodes to measure increased currents through the DNA nucleotides in the nanogap, Figs. 1͑c͒-1͑f͒. Using density functional theory ͑DFT͒, we demonstrate that single-wall ͑metallic͒ CNTs, properly terminated, can favorably replace metal electrodes, supporting the transverse electron transport across the DNA. The explicit circuitry engineering of connecting the nanotube electrodes into an external battery is not considered here, as was not considered in previous works with metal electrodes. [1] [2] [3] [4] In actual devices, nanotubes will eventually need to be connected to metallic electrodes attached to an external battery. Band realignment and charge injection in the vicinity of that "external" junction, as well as other imperfections in the external circuitry have an effect on the magnitude of the direct current. However, nanotube leads are typically rather long ͑tens of nanometers͒ and screening takes place over a distance much shorter than the nanotube branch, supporting our assumption of the infinite leads. Therefore this effect does not depend on the nanotube chemical ending close to the DNA nucleotide. The different behaviors for different endings will therefore be preserved ͑though the amplitude of the current might be modified͒. From a different perspective, we note that the effect of nanotube junction to external electrodes will not be expressed in a conventional four point measurement since it eliminates the effect of that type of contacts. To illustrate the enhancement of the conductivity with N doping, we calculate electron transport for all four types of the DNA nucleotides ͓adenine ͑A͒, thymine ͑T͒, cytosine ͑C͒, and guanine ͑G͔͒, with C-capped, and H and N nanotube terminations, in geometry shown in Fig. 1 . All the results in this letter correspond to the Landauer approach, 25 which establishes that the electron transmission probability, T, is proportional to the molecular electronic conductance. T includes the detailed, quantum mechanical description of the molecule and its interaction with the leads. Assuming nearly thermodynamic equilibrium and a small voltage drop V across the system ͑from 0 to 500 mV͒, the so-called linear-response, equilibrium regime is known to yield quantitative results compared to a full nonequilibrium approach where the Poisson's equation is solved self-consistently. 26 Within these assumptions, we describe the electronic structure of the system with the self-consistent DFT calculation for the ground state. Allelectron DFT calculations were performed using the quantum chemistry package NWCHEM, 27 with the 3-21G contracted Gaussian basis set.
All of our results presented in the paper have been carefully checked with three different exchange correlation functional, i.e., with local density approximation ͑LDA͒, 28 generalized gradient approximation ͑GGA͒, 29 and hybrid methods ͑B3LYP͒, 30 remarkably all leading to qualitatively the same conclusions, in spite of possible weak coupling present here. The numerical results shown in this letter correspond to the GGA functional, motivated by the fact that GGA is a good compromise for extended electronic systems and molecular systems.
We carefully chose subsystems containing a DNA nucleotide and a large part of the CNT electrodes, with the appropriate terminations. To describe the open boundary conditions appropriate for the leads, we used the Green's function matching method in conjunction with the generalized tightbinding approach to compute the transmission function T. [31] [32] [33] The integral of T͑E , V͒ over the band energy E determines the current response I to the applied voltage V. The transmission function T depends not only on the electronic structure of the nucleotide but also on a number of other factors, e.g., the strength of the coupling between the base and the leads, which is a function of the base-lead geometry. Specifically, T is very sensitive to the energy matching of the asymptotic Bloch channels in the leads with the energy levels of the base, deformed ͑i.e., shifted and broadened͒ by the coupling with the leads and adapted to the chemical potential drop across the molecule, resulting from the applied bias. Our approach takes all of these effects into account at the DFT level.
Typical I-V characteristics for various lead terminations are illustrated with the example of guanine in Fig. 2 . The current response for the N-terminated leads is found to be two to six orders of magnitude larger than that obtained with C-and H-terminations in the whole range of the considered biases. It is important to note that the current in the N-case reaches nanoampere values at about 0.4 V, while it stays in subpicoampere, or picoampere range for C-and H-terminations, comparable to the values obtained using gold electrodes with similar electrode-nucleotide geometries. 1 The obtained enhancement might lead to an increase in the signal-to-noise ratio in conductance measurement of the DNA nucleotides, if other sources of uncertainty are unchanged.
Strong enhancement of the low-electric bias response with N-termination is found for all DNA nucleotides, as illustrated for two voltages in Table I . The enhancement factors also increase orders of magnitude with increase of voltage from 0.1 to 0.5 V. All nucleotides have an enhancement factor to the H-terminated leads, I N / I H , ranging between 10 5 and 10 6 for higher of the considered voltages. This factor to the C-termination, I N / I C , is more varying, between 10 7 for adenine, down to 10 3 for guanine. While the leads define the boundary conditions and supply the electrons around the Fermi energy E F , the physical mechanisms of transport across the interlead gap mainly depend upon the electronic structure of the molecule placed in the gap, while its coupling to the leads defines the tunneling characteristics of the junction. The existence of the electronic states localized in the gap, energetically close to the Fermi energy, is of a decisive importance for the overall conductance. In absence of such states, the mechanism of electron transport is dominated at low biases by the nonresonant tunneling, causing a significant suppression of conductance. Figure 3 shows the eigenenergy spectra of the extended molecules of Fig. 1 . The strong presence of states located mainly at nitrogen and oxygen atoms of a nucleotide, extending across the gap, is obvious for N-terminated leads, for all of the nucleotides. The fact that no such states are present close to E F in the case of the carbon-and hydrogen-terminations explains the large increase of current in nitrogen-terminated CNTs.
Our results can be further analyzed in terms of the improved coupling between the N-saturated edges of the nano- tube with the heterocylic compounds present at one end of each nucleotide, since they share chemical similarity. DNA bases can be classified into two types: Adenine and guanine are fused five-and six-membered heterocyclic compounds called purines, while cytosine and thymine are six-membered rings called pyrimidines. In the nanogap geometries used in the present work, G and A nucleotides share similar current profiles. This property is compatible with the chemical nature of the base. It follows that for all terminations these two molecules carry the largest current. C and T nucleotides yield a quite smaller current response. Again, this can be understood from the fact that C and T are pyrimidine compounds, i.e., they have a single nitrogen-carbon heterocyclic group which can account for a lower coupling than in the case of purine bases. This feature makes the N-terminated CNT an excellent sensor for the ͑A,G͒ and ͑C,T͒ groups of the DNA bases. The issue of distinguishability within each of these groups remains an open topic requiring further studies and improvements. Future work is required to understand the extent to which the described current enhancement survives the refinement of the model systems toward more realistic representations of the DNA molecule in an aqueous and electrolytic environment, averaging over the range of possible conformations of DNA while translocating through the nanogap formed by the leads, and consideration of background Faraday currents, as well as other contributions to observed signal-to-noise ratios. The choice of N-, C-, and H-terminations of the CNT leads is guided by a possibility of matching with atomic constituents of the DNA. We showed that the presence of N establishes a natural connection with purine and pyrimidines groups. Remarkably, the obtained selective enhancement of the current response, following from transition from regime of nonresonant to the quasiresonant tunneling, is not only limited to the DNA-related molecules. The local chemistry at the tip of the electrodes has a dramatic effect on the coupling with the molecule and functionalized CNT ends offer interesting possibilities for molecular recognition using CNTs.
